Subtractive library hybridization was used to isolate the cDNA clones that corresponded to the transcripts that were specifically up-regulated during wheat embryo germination. The clones with numbers 5, 6, 7, 8, 24, and 26 appeared to be more abundant in germinating wheat embryos. Among the isolated clones, we identified four new members of the wheat "germin" gene family. We also identified two novel sequences which exhibited distinct germination up-regulation, and displayed characteristic spatial patterns of expression. One of these, represented by clone pSB10, was principally expressed in the root tissue of germinating embryos. The second was represented by the pSB7 clone and was expressed in both the root and shoot primordia of the embryonic axis, as well as within the coleoptile.
Introduction
Wheat embryo development can be viewed as a succession of distinct stages. Following fertilization, a period of cell proliferation and differentiation occurs to establish the characteristic primordial organs of the embryo. This culminates in the formation of an immature embryo with the potential to germinate precociously and form a normal seedling (Morris et al., 1990) . Such premature germinative development does not normally occur in vivo. Instead, the period of differentiation is followed by a "maturation phase" of embryonic dormancy. This is coordinated by the plant growth regulator, abscisic acid (ABA) (Rogers and Quatrano, 1983; Williamson et al., 1985) . During maturation, the embryo also acquires desiccation tolerance, enabling it to survive the extreme dehydration which ends grain development. The dehydration of the embryo affects a developmental switch, alleviating the ABA-response so that the imbibition of the dry grain permits the rapid germination of the embryo (Cuming et al., 1996) .
The successive stages of embryo development are characterized by changes in the pattern of gene expression (Goldberg et al., 1989) . Embryonic maturation is characteristically associated with the accumulation of maturation-specific gene products (typically storage globulins and "Lea" Late Embryogenesis Abundant proteins) that disappear upon germination (Butlar and Cuming, 1993) . Following imbibition, a germination-specific set of genes is expressed. Few of these have been identified (Bewley and Marcus, 1990) . In wheat embryos, germination-specific gene products include catabolic enzymes that are associated with the mobilization of storage reserves (Fincher, 1989) . Also included is the growth-related protein, "germin" (oxalate oxidase: E.C. 1.2.3.4), which is believed to participate in cellwall restructuring through the local provision of H 2 O 2 that is used for the oxidative cross-linking of the cell wall components (Caliskan, 2001; Lane, 2002) . In this paper, we describe the isolation and molecular characterization of additional gene products which accumulate following the initiation of germination in wheat embryos.
Materials and Methods
Plant material Wheat grains (Triticum aestivum L. var. Chinese Spring) were obtained from the John Innes Centre for Plant Science Research, Norwich, UK. The plants were grown in a controlled environment chamber at 70% RH with a 16 h light, 25 o C/8 h dark, 18 o C photoperiod. Dry (mature) grains were surface sterilized with NaHClO 3 (1% available Cl 2 ) for 10 min and washed 5 times with sterile water before incubating on two layers of water-soaked Whatman 3 MM filter paper at 25 o C in darkness. The germinating embryos were isolated by dissection following 16 h imbibition. Mature, ungerminated embryos were recovered from the dry grains *To whom correspondence should be addressed. Tel: 90-532-6562209; Fax: 90-326-2455867 E-mail: caliskan@mku.edu.tr by the mass isolation procedure. For the extraction of genomic DNA, the seeds were germinated for 7 d in darkness at 25°C, then the shoots (coleoptiles plus leaves) were harvested and frozen in liquid N 2 .
Tobacco (Nicotiana tabacum var. Xanthi) and Arabidopsis thaliana were grown in a sterile culture in Magenta pots on a Murashige-Skoog medium that was solidified with 1% agar. The plants were grown in a growth chamber with a 16 h light, 22 o C/8 h dark, 16 o C photoperiod. The leaf material was harvested for DNA extraction. The protonemal tissue of the moss, Physcomitrella patens, was propagated, as described previously (Knight et al., 1995) , by spreading the homogenized tissue on an agar medium that was overlaid with cellophane. After 7 d under continuous illumination at 25 o C, the tissue was scraped from the cellophane, blotted dry, and frozen in liquid N 2 for the subsequent extraction of genomic DNA.
RNA isolation and analysis Total RNA was extracted from the wheat embryos as described previously (Morris et al., 1990) . Specific sequences were detected in the RNA samples by RNA gel blot ("Northern") hybridization. RNA was electrophoretically resolved in formaldehyde-containing gels, transferred by blotting to a Biodyne A nylon membrane (Pall, UK), then the membranes were processed for hybridization with 32 P-labeled cDNA probes, according to previously described protocols (Morris et al., 1990; Butler and Cuming, 1993) .
cDNA library construction and screening Poly(A)-containing RNA from the 16-h germinated wheat embryos was converted into double-stranded cDNA using a Amersham "cDNA Synthesis System Plus" kit, according to the manufacturers' instructions (Amersham Bioscience, Buckinghamshire, UK). The blunt-ended cDNA was ligated with EcoRI/NotI adapters for cloning in the vector Lambda Zap II (Stratagene, La Jolla, USA). The recombinants were propagated in the E. coli strain XL-I Blue MRF using a Stratagene Predigested Lambda ZapII/EcoRI/CIAP cloning kit. In a departure from the recommended protocol, the cDNA was size-fractionated by gel-filtration in a Sephacryl S-500 column, following the addition and phosphorylation of the adapter oligonucleotides. Fractions containing cDNA greater than 600 bp were recovered and 150 ng were ligated with 1 µg vector arms and packaged. The library (initial titre 7.5 × 10 5 pfu · ml
, approx. 85% recombinant) was amplified once to yield a final titre of 7.8 × 10 8 pfu · ml
To identify the germination-specific clones, the library was screened using the library subtraction method of Scutt and Gilmartin (1997) : the cDNA library was recovered as singlestranded phagemid DNA by in vivo excision, using VCSM13 helper phage. The rescued phagemid DNA was resolved by agarose gel electrophoresis and DNA of the desired size range was recovered by electroelution of the gel slice (Maniatis et al., 1982) . One microgram of the recovered single standard DNA was used as the target for subtractive hybridization using 15 µg driver DNA that corresponded to the RNA from dry wheat embryo. The driver DNA was prepared by PCR amplification of a "dry embryo" cDNA library that was cloned in the vector lambda gt10 (Futers et al., 1993) using primers biotinylated at the 5'-end. The primer sequences (5'-3') were TTATGAGTATTTCTTCCAGGG and AGCAAGTTCAGCCTGGTTAAG, respectively. The procedure for library amplification followed the method of Gurr et al. (1991) . Next, 10 4 pfu of bacteriophage suspension (1 µl) was added to a reaction mixture that contained 10 mM Tris-Cl, pH 8.8, 50 mM KCl, 1.4 mM MgCl 2 , 4 mM dNTPs, 20 pmol biotinylated primers, and 0.1% Triton X-100 in a final reaction volume of 50 µl. Subtractive hybridization was carried out by co-precipitating the driver and target DNA with ethanol. The precipitate was dissolved in 15 µl water and mixed with a 5 µl hybridization buffer (0.16 M EPPS, pH 8, 4 M NaCl, 20 mM Na 2 EDTA) and overlaid with mineral oil. The hybridization reaction was heated in a boiling water bath for 2 min, then incubated at 65 o C for 48 h. The hybrids and driver DNA were removed by mixing with a 500 µl streptavidin solution (0.15 mg · ml
) and incubating at room temperature for 30 min, followed by phenol-chloroform extraction. The unhybridized DNA was subjected to 3 further rounds of subtractive hybridization, each utilizing 15 µg driver DNA. The final, unhybridized DNA sample was then used to electro-transform E. coli using an "EasyjecT Gene Pulser" (Flowgen, UK).
Screening subtracted library for differentially expressed sequences
The cDNA inserts from the individual colonies were amplified by colony PCR. The reaction conditions were identical with those that were used for the library amplification (previously mentioned), except that the primers were the "T3" and "T7" sequencing primers and the template was provided by transferring a portion of a bacterial colony into the reaction mix. The products were resolved in agarose gels and transferred to a duplicate Biodyne B nylon membrane (Pall, UK) by bi-directional Southern blotting. The gel was soaked in 0.4 M NaOH, then sandwiched between the membranes and filter paper stacks. The membranes were then used for Southern blot hybridization with 32 P-labeled cDNA that corresponded to the mRNA from dry and 16-h imbibed embryos, respectively, in order to identify the clones that corresponded to the differentially expressed genes. The cDNA labeling reactions contained 1 µg poly(A)-RNA, 40 U "RNAguard" (Pharmacia, Uppsala, Sweden), 2 µg oligod(T) 12-18 , 50 mM Tris-Cl, pH 8.3, 75 mM KCl, 3 mM MgCl 2 , 1 mM dithiothreitol, 5 mM dGTP, 50 µCi each α-32 P dATP, dCTP, and dTTP, (>3000 Ci · mmol .
Southern blot analysis of genomic DNA Plant tissue (0.75 g) was frozen in liquid N 2 and ground to a fine powder in a mortar and pestle, then suspended in a 15 ml extraction buffer (100 mM TrisCl, pH 8, 50 mM Na 2 EDTA, 500 mM NaCl, 10 mM β-mercaptoethanol) and 1 ml 20% (w/v) sodium dodecylsulphate was added. Following incubation at 65 o C, 5 ml 5 M CH 3 COOK were added and the mixture incubated on ice for 20 min. The resulting precipitate was removed by centrifugation (15,000 × g, 20 min) and the nucleic acids were recovered from the supernatant by mixing with 10 ml propan-2-ol (−20 o C, 30 min) and centrifugation (15,000 × g, 20 min). The pellet was dissolved in 1 ml water for digestion with 40 µg RNase A at 37 o C for 30 min. DNA was finally recovered by phenol-extraction and ethanol precipitation.
For detection of the genomic sequences, the DNA was digested with restriction enzymes, as detailed in the text, and electrophoretically resolved in 0.7% (w/v) agarose gels. Following visualization by staining with ethidium bromide, the DNA was transferred to a Biodyne B nylon membrane by alkaline transfer (Reed and Mann, 1985) . Prehybridization and hybridization were at 65 o C in 25 mM Tris-Cl, 0.5 M NaCl, 0.25% sodium dodecylsulphate, 5 × Denhardts solution, 5 mg · ml −1 tetrasodium pyrophosphate. For detection of homologous sequences, the membranes were washed with 0.1 × SSC/0.1% (w/v) SDS at 65 o C. For detection of heterologous sequences, the membranes were washed with 2 × SSC/0.1% SDS at 58 o C, prior to autoradiographic exposure.
In situ hybridization Messenger RNA was localized in the tissue sections by hybridization in situ with digoxygenin-labeled riboprobes. The protocols that were used were modified from those of Jackson (1991), as described previously (Caliskan and Cuming, 1998) .
Results
Subtractive hybridization In order to identify the germination-specific clones, a cDNA library was constructed in the vector lambda Zap II, corresponding to the mRNA that was isolated from the 16-h germinated wheat embryos. The sequences that corresponded to the transcripts, which were significantly up-regulated during germination, were identified by subtractive library hybridization. The library was recovered as single-stranded phagemids by in vivo excision with the helper phage, and hybridized with cDNA sequences corresponding to the mRNA population of dry wheat embryos. These were generated by PCR amplification of a "dry embryo" cDNA library (Futers et al., 1993) using biotinylated primers in order to enable subtraction of the hybrids by binding with streptavidin. The subtraction efficiency was monitored by using aliquots of the subtracted library to transform electrocompetent E. coli at each round of subtractive hybridization. After four rounds of subtraction, a library that was enriched for germination-related sequences was produced. It contained 220 bacterial transformants. Fig. 1 . Screening the subtracted library. Clones inserts from selected clones were amplified by colony PCR and subjected to agarose gel electrophoresis and Southern blotting. Filters were probed with 32 P-cDNA corresponding to mRNA from dry (A) and imbibed (B) embryos. Hybridizing bands were detected by autoradiography.
To identify the clones that corresponded to the sequences showing an enhanced expression during germination, the insert from each transformant was amplified by colony PCR and transferred to replica filters by bi-directional Southern blotting. The replicas were then probed by hybridization with radiolabeled first-strand cDNA that corresponded to the poly(A)-containing RNA that was extracted from the dry and germinating embryos. An example of such a screen is illustrated in Fig. 1 . This figure shows a number of clones that exhibit differential hybridization. The transcripts that correspond to clones 5, 6, 7, 8, 24 , and 26 all appear to be more abundant in the germinating embryos. Selected clones were characterized by sequence analysis. Four new cDNA clones were identified as homologous with "germin" (oxalate oxidase) -a gene known to be expressed in a germinationspecific manner in wheat embryos (Caliskan and Cuming, 2000) . These have been designated pSBGer1-4, respectively. Another clone, designated pSB25, was not strongly germination up-regulated. This clone encoded a member of the alpha-tubulin gene family and was only partially sequenced to confirm its identity. It was also used as a control probe in subsequent Northern blot experiments to determine transcript inducibility. The sequences of two further clones, pSB7 and pSB10, which showed strong germinationspecificity in the initial screening, were determined in their entirety.
Germination-specificity of expression Northern blot hybridization was used to confirm the germination-specificity of the cloned sequences. Poly(A)-containing RNA, which was isolated from mature, dry wheat embryos and from embryos imbibed for 16 h, was resolved by denaturing agarose gel electrophoresis. Following blot transfer, the filter was successively probed with labeled cDNA inserts from clones pSB5, pSB7, pSB10, and pSB25. Figure 2 shows that a transcript (corresponding to pSB5 and pSB7) was readily detectable in the germinating embryos, but dry embryos indicated no hybridization signal ( Fig. 2A and 2B) . The transcript that corresponded to pSB10 could be detected at a low level in dry embryos, but the corresponding transcript in germinating embryos was far more readily detected. The transcript that was present in dry embryos appeared to be shorter than the ones that were detected in the germinating embryos. This may correspond to the truncated residue of a longer transcript that is degraded during the later stages of embryonic maturation. In contrast, the messenger RNA that corresponded to pSB25 (α-tubulin) appeared to be about equally abundant in both the mature and germinated embryos. It also provided a control for both the integrity and quantitative equivalence of the RNA in each track.
Small gene families encode the germination-related sequences Southern blot hybridization was used to identify the genomic fragments that corresponded to the germinationrelated cDNA sequences. For each of the clones, hybridization under conditions of high stringency identified a small number of homologous restriction fragments, which was indicative of their corresponding to no more than one or else only a very few copies in each of the three genomes in hexaploid wheat (Fig. 3A-C) . Alpha-tubulin genes are members of extensive multi-gene families that are highly conserved in evolution. When used as heterologous probes under conditions of relaxed stringency, this sequence identified a large number of hybridizing fragments in digests of the genomes of the dicotyledonous plants Arabidopsis thaliana and Nicotiana tabacum, and in the bryophyte, Physcomitrella patens (Fig.  3D) . The sequences that were cloned in pSB7 and pSB10 detected no homologous sequences in the genomes of these three plants under similar conditions. Spatial specificity of gene expression The spatial pattern of expression of the germination-related genes was determined by in situ mRNA hybridization. The accumulation of germin mRNA was previously shown as restricted to the coleorhiza during the first 24 h of wheat embryo germination (Caliskan and Cuming, 1998) . In contrast, the accumulation of mRNA that is encoded by both pSB7 and pSB10 occurs principally within the primordial organs of the embryonic axis. In the case of pSB10, its cognate RNA appeared to be distributed throughout the primary and secondary roots; there was much less transcript apparent in the shoot primordia (Fig. 4A) . The pattern of the pSB7 transcript is different; its accumulation occurs in the primordial roots and shoots, as well as most strongly in the coleoptile (Fig. 4C) . When the successive sections were reacted with the labeled-sense probes, no hybridization signal was detected in the control sections ( Fig.  4B and 4D ).
Discussion
Subtractive library hybridization proved to be an efficient means of identifying the genes that are differentially expressed during plant development. We identified a number of sequences that are specifically up-regulated during wheat embryo germination. A number of these can be directly associated with growth processes. Four clones, corresponding to different members of the "germin" gene family, were identified. This protein, an oxalate oxidase, has been associated with cell wall modification during germinative growth through the local provision of its enzymatic product, hydrogen peroxide, to participate in the oxidative crosslinking processes between cell wall polymers (Caliskan, 2000; Lane, 2002) . No function can be assigned to the sequences that were cloned in the pSB7 or pSB10 plasmids. Although a homologue of the latter has been identified in Arabidopsis, it is not known whether this also exhibits a germination-related pattern of expression. Using a reverse genetic approach to generate null mutants of the Arabidopsis homologue might further elucidate its biological function. The pSB7 sequence is a novel sequence that has not been previously identified. The   Fig. 3 . Detection of germination-related genomic sequences. Wheat genomic DNA (10 µg) was digested with EcoRI (1), HindIII (2), and BamHI (3) singly and pairwise (EcoRI and HindIII) (4) prior to resolution by agarose gel electrophoresis and Southern blot hybridization with 32 P-labeled inserts from pSB7 (A), pSB10 (B), and pSB25 (C). Panel (D) shows hybridization by the α-tubulin clone with genomic DNA from Triticum aestivum (1), Arabidopsis thaliana (2), Nicotiana tabacum (3), and Physcomitrella patens (4). Fig. 4 . Localization of pSB10 and pSB7 transcripts. Digoxygenin-labeled "antisense" transcripts were hybridized with sections of 24-h imbibed embryos for detection of pSB10 (A) and pSB7 (C) mRNA. Panels (B) and (D) were hybridized with the respective "sense" transcripts in the control reactions. The abbreviations are: "pr"; primary root, "sr"; secondary root, "lp"; leaf primordium, "cr"; coleorhiza, "co"; coleoptile. The scale bar corresponds to 200 µm. expression patterns of these genes differ markedly from those of the other characteristic germination-related genes -the "germins". The germin gene expression is restricted to the coleorhiza during early germination, a pattern that is consonant with the germins oxalate oxidase activity that generates hydrogen peroxide in the cell walls of this terminally-developed organ (Caliskan and Cuming, 1998) . The coleorhiza undergoes senescence after radicle protrusion. In contrast, the pSB7 and pSB10 gene products are more likely to have a function that is associated with active growth, which is expressed in organs that undergo rapid and continued extension during seedling development.
